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Introduction
Non-keratinizing undifferentiated nasopharyngeal carcinoma (NPC) is closely associated with EpsteinBarr virus infection. The EBV-encoded LMP1 protein, which is commonly expressed in NPC, is of particular interest, as it displays oncogenic properties in vivo and in vitro [1] . LMP1 engages multiple signalling cascades that include the NF-B, PI3K-AKT, ERK-MAPK, JNK, JAK-STAT, and p38/MAPK pathways to alter various gene expression programs [1;2] . LMP1 is essential for EBV immortalisation of primary B cells [3] . In epithelial cells, LMP1 promotes cell proliferation, anchorage independent growth, cell survival, angiogenesis, cell invasion and migration. LMP1 also dysregulates energy metabolism. These observations suggest that LMP1 is a prime candidate for driving NPC development [1] [2] [3] . Cellular transformation is characterised by reduced oxidative phosphorylation and increased aerobic glycolysis, where cells rapidly increase glucose utilization and lactate production regardless of oxygen availability [4] . Aerobic glycolysis facilitates rapid cell division by providing both energy and metabolic intermediates for the anabolic biosynthesis of macromolecules [4] . Accumulating evidence indicates that HIF-1 and c-Myc play important roles in aerobic glycolysis by altering the activities of multiple metabolic enzymes that include glucose transporter 1 (GLUT1), hexokinase 2 (HK2), lactate dehydrogenase (LDHA), pyruvate dehydrogenase kinase 1 (PDHK1) and pyruvate kinase M2 isoform (PKM2) [4] [5] [6] . In addition to HIF-1 and c-Myc, fibroblast growth factor 1 (FGFR1) is also found to play an important role in aerobic glycolysis [7;8] .
The FGFR family consists of four receptor tyrosine kinases (FGFR1-4). Upon FGF-ligand binding, FGFRs undergo tyrosine autophosphorylation, activating various signalling cascades, which include the MEK/ERK-MAPK and PI3K/Akt pathways. FGFR activation facilitates cell proliferation, survival, invasion, migration and angiogenesis. In vitro studies have demonstrated that over-activation of FGFR1 in non-transformed mammary cells results in morphological transformation. Also, the induction of FGFR1 in normal human urothelial cells promotes cell proliferation and cell survival [9] . Furthermore, FGFR1 promotes aerobic glycolysis by inactivating PKM2, while enhancing the activities of LDHA1 and PDHK1 [7;8;10;11] . In this study, we report that LMP1 activates FGF2/FGFR1 signalling, an effect that contributes to LMP1-mediated aerobic glycolysis, cell proliferation, anchorage-independent growth, migration and invasion. Immunohistochemical analysis revealed that FGFR1 activation is common in primary NPC and correlated with the expression of LMP1. Our findings demonstrate that LMP1-mediated FGFR1 activation contributes to tumour progression, implicating the involvement of FGF2/FGFR1 signalling in the pathogenesis of NPC.
Materials and methods

Cell lines, chemical, drug and transfection
C666-1 and SCC12F cells were maintained in RPMI 1640 and DMEM/F12 medium respectively. NP69 cells were maintained in keratinocyte-serum free medium (Life Technologies, Grand Island, NY, USA).
PD161570 and SU5402 were from Sigma, St Louis, MO, USA. Cell transfection was performed using Fugene HD (Promega, Madison, WI, USA). LMP1 siRNA was from Dharmacon Inc., Lafayette, CO, USA. Details are described in the Supplementary materials and methods.
Biochemical assays
Colorimetric assays were performed according to manufacturer's protocol. The Lactate Assay Kit, Glutamine and Glutamate Kit, and Lactate Dehydrogenase Activity Kit were from Sigma. The Glucose Assay Kit, Pyruvate Assay Kit and Pyruvate Kinase Assay Kit were from Abcam. The Amplex® Red Glutamic Acid/Glutamate Oxidase Assay Kit were from Life Technologies. Details are described in the Supplementary materials and methods.
Quantitative RT-PCR
All QRT-PCR products were amplified using Power SYBR green PCR Master Mix Kit (Life Technologies). Details are outlined in the Supplementary materials and methods.
Luciferase reporter assay
Luciferase reporter assays were performed using the Dual-Luciferase Reporter Assay System (Promega). Details are outlined in the Supplementary materials and methods.
Western blotting analysis
Total cell lysates (5-50g of protein) were separated by 10% or 4-12% SDS-PAGE and transferred to a PVDF membrane prior to immunoblotting. Antibodies to LMP1 were purchased from Dako, Glostrup, Denmark and -tubulin from Santa Cruz, Dallas, TX, USA. All other antibodies were from Cell Signalling Technology (Beveley, MA, USA).
Immunofluorescence staining
Immunofluorescence staining was performed as previously described [12] . Details are outlined in the Supplementary.
Immunohistochemical staining
Immunohistochemical staining was performed as described previously [13] . Details are outlined in the Supplementary materials and methods.
Cell Proliferation assay
Cell proliferation assay was performed with cell proliferation reagent CCK-8 (Dojindo Molecular Technologies, Rockvilles, MD, USA). Details are outlined in the Supplementary.
Soft Agar Cloning Assay
Soft agar colony formation assays were performed as previously described [14;15] . Details are outlined in the Supplementary.
Migration and Invasion Assays
Cell migration assays were performed using CytoSelect 24-well Wound Healing Assay Kit (Cell Biolabs, San Diego, CA, USA). Boyden chamber invasion assays were performed using the CytoSelect 24-Well Cell Invasion Assay Kit (Cell Biolabs), respectively. For collagen gel invasion assays, a collagen mixture was prepared with type I collagen solution (Life Technologies). Details are outlined in the Supplementary.
Statistical Analysis
Where applicable, the significance of difference between two groups was evaluated with an unpaired two-tailed student's t-test. The IC50 values of PD161570 and SU5402 were determined using GraphPad Prism software by applying the four-parameter logistic equation to generate the Sigmoidal doseresponse (variable slope) curves.
Results
LMP1 promotes aerobic glycolysis
To examine the effects of LMP1 on the glycolytic pathway, we firstly examined lactate production in control (NP69-pLNSX) and LMP1 expressing NP69 epithelial cells (NP69-LMP1). As shown in Figure   1A , increased levels of lactate production (approximately 1.4-fold higher) were observed in NP69-LMP1 cells compared to NP69-pLNSX cells at day 7. We also found that LDHA activity in NP69-LMP1 cells was 2.3-fold higher than that in NP69-pLNSX cells ( Figure 1B ). Pyruvate kinase (PK) catalyses the conversion of PEP to pyruvate and ATP. Inactive PK promotes aerobic glycolysis [4;8;16] .
Here, we demonstrate that PK activity was reduced by 20% in NP69-LMP1 cells ( Figure 1C ) and the intracellular concentration of pyruvate in NP69-LMP1 cells was 22% lower than that in NP69-pLNSX cells ( Figure 1D ). Aerobic glycolysis is associated with a high rate of glucose uptake. In agreement with a recent study on NPC cells [17] , the uptake of glucose in NP69-LMP1 cells was increased by approximately 1.33-fold ( Figure 1F ). Glucose uptake is facilitated by glucose transporters (GLUT).
Using immunofluorescence staining, Sommermann T et al showed that LMP1 promotes the translocation of GLUT1 from intracellular vesicles to the plasma membrane in B lymphocytes [18] .
Here, compared to NP69-pLNSX cells, where GLUT1 was mainly found in intracellular membrane compartments, GLUT1 was found in the plasma membrane of NP69-LMP1 cells ( Figure 1E &   Supplementary Figure 1) . This finding confirms that LMP1 promotes GLUT1 translocation to the plasma membrane in nasopharyngeal epithelial cells, facilitating higher rates of glucose transport. In addition to glucose, glutamine is another carbon source essential for cell growth. Here, we found that NP69-LMP1 cells had a 1.67-fold higher level of glutamine consumption compared to NP69-pLNSX cells ( Figure 1G ). The intracellular concentration of glutamate was also higher in NP69-LMP1 compared to NP69-pLNSX (approximately 1.24-fold) ( Figure 1H ). Overall, LMP1 increased the uptake of glucose and glutamine, enhanced lactate production and reduced pyruvate kinase activity, suggesting that LMP1 promotes aerobic glycolysis (Supplementary Figure 6) .
Next, we examined the expression of glycolytic pathway-associated proteins. As shown in Figure 2A , LMP1 induced the levels of Tyr10 phosphorylated-LDHA and Tyr105 phosphorylated-PKM2 as well as the total amounts of LDHA and PDHK1 protein, in a dose dependent manner. However, LMP1 had no effect on the expression of PKM2 and pyruvate dehydrogenase A1 (PDHA1). PKM2 phosphorylation at Tyr105 is associated with decreased enzymatic activity, while LDHA phosphorylation at Tyr10 upregulates LDHA activity, promoting aerobic glycolysis [7;10] . PDHA1 is negatively regulated by PDHK1. Inactivation of PDHA1 by PDHK1 leads to decreased conversion of pyruvate to acetyl-CoA, allowing more pyruvate to convert to lactate [8] . Accordingly, LMP1 promotes aerobic glycolysis by inactivating PKM2 and PDHA1 while enhancing the activities of LDHA and PDHK1 (Supplementary Upregulation of LDHA and PDHK1 by LMP1 may be mediated through LMP1-induced c-Myc and HIF-1 activity. However, this is still not clear as to the mechanism by which LMP1 induces the phosphorylation of LDHA and PKM2.
LMP1 induces expression and activation of FGFR1
Previous studies have shown that FGFR1 directly phosphorylates LDHA at Tyr10 and PKM2 at Tyr105 to enhance LDHA activity and inactivate PKM2 respectively [7] . Thus, we sought to examine the effect of LMP1 on FGFR1 expression. As shown in Figure 2A & B, we found that LMP1 increased the levels of total and phosphorylated FGFR1 protein. Similar results were observed in LMP1 expressing squamous carcinoma SCC12F (SCC12F-LMP1) cells (Supplementary Figure 2) . By quantitative RT-PCR, we found that LMP1 augmented FGFR1 mRNA expression in a dose dependent manner ( Figure   2C & D) . In both NP69-LMP1 and SCC12F-LMP1 cells, high levels of FGFR1 mRNA were observed.
The expression of LMP1 and FGFR1 mRNA was also observed in EBV-infected C666-1 NPC cells (Supplementary Figure 3A & 3B) . Using a luciferase reporter assay, we found that LMP1 stimulated FGFR1 promoter activity in a dose dependent manner ( Figure 2E ). LMP1 has been reported to induce FGF2, a ligand for FGFR1 [24] . We also found that LMP1 stimulated FGF2 expression in nasopharyngeal epithelial cells ( Figure 2F ). High levels of FGF2 mRNA were also observed in NP69-LMP1 and C666-1 cells (Supplementary Figure 3C) . Our findings suggest a role for LMP1 in constitutively activating FGF2/FGFR1 signalling pathway by upregulating both FGFR1 and FGF2.
Using a FGF2 specific neutralizing antibody, we found that inhibiting the binding of FGF2 to FGFR1 led to a robust reduction in FGFR1 phosphorylation in NP69-LMP1 cells (58%) compared to NP69-pLNSX cells (20%) ( Figure 2G ). This finding indicates that activation of FGFR1 by LMP1 is mediated, predominantly through LMP1-upregulation of FGF2. In C666-1 cells, which express low levels of LMP1 protein [12;25] , siRNA knock down of LMP1 resulted in a reduction in the levels of total and phosphorylated FGFR1 proteins ( Figure 2H ), further confirming the activation of FGFR1 by LMP1 in EBV-infected NPC cells.
Activation of FGFR1 signalling by LMP1 facilitates aerobic glycolysis
To determine whether LMP1-mediated FGFR1 activation contributed to aerobic glycolysis, NP69-pLNSX and NP69-LMP1 cells were treated with PD16157 (PD) or SU5402 (SU), two specific FGFR1 inhibitors which suppress FGFR1 tyrosine kinase phosphorylation. As shown in Figure 3A Furthermore, both FGFR1 inhibitors reduced HIF-1 expression, particularly in NP69-LMP1 cells. In response to 1M PD treatment, the expression of HIF-1 in NP69-LMP1 and NP69-pLNSX cells was reduced by 85% and 20% respectively. This finding suggests that LMP1-mediated FGFR1 signalling, partially if not completely, upregulates HIF-1 expression. The ERK-MAPK and AKT pathways are activated in response to FGFR stimulation [26;27] . In response to PD and SU, a reduction in Akt and Erk1/2 phosphorylation was observed in both NP69-pLNSX and NP69-LMP1 cells ( Figure 3A ).
Although PKM2 has been reported to be a downstream target of FGFR1 [7] , we did not observe any significant inhibitory effect of PD161570 and SU5402 on PKM2 phosphorylation or protein expression in all cell lines examined. ( Figure 3A ).
Next, we examined the effects of FGFR1 inhibitors on the activities of LDHA and PK. As shown in Figure 3B , in the absence of FGFR1 inhibitors, LDHA activity in NP69-LMP1 cells was 2.2-fold higher than that of NP69-pLNSX cells. In the presence of 5M PD or 20M SU, the LDHA activity in NP69-LMP1 cells was reduced by 28% and 36% respectively, indicating that suppression of FGFR1 signalling attenuates LMP1-induced LDHA activity. Both FGFR1 inhibitors had little or no effect on PK activity in either NP69-pLNSX or NP69-LMP1 cells ( Figure 3C ), findings that are in agreement with results obtained by western blot analysis of PKM2 protein and phosphorylation ( Figure 3A ). Overall, these findings suggest that activation of FGFR1 by LMP1 alters the activity of glycolytic proteins, especially LDHA, thereby facilitating aerobic glycolysis. Interestingly, our current data did not support a previous report identifying PKM2 as a downstream target of FGFR1 [7] .
FGFR1 activation is common in primary NPC tumours
Next, we sought to examine the activity of FGFR1 in NPC tumours. Immunohistochemical (IHC) staining for phospho-FGFR1 (Tyr654) was performed on 42 NPC primary tumours. This set of samples has been examined in a previous study, where 12/42 were found to express LMP1 protein [13] . The intensity of phospho-FGFR1 staining was scored and a graph of the statistical dot plot of phospho-FGFR1 staining intensity against LMP1 expression was generated ( Figure 4F ( Figure 4F ). These findings indicated that FGFR1 activation is common in NPC and correlates with LMP1 expression. Given that 40% (12/30) of LMP1-negative tumours exhibited high levels of FGFR1 phosphorylation ( Figure 4F ). Other mechanisms, in addition to LMP1, may be involved in FGFR1 activation in NPC.
LMP1-induced FGFR1 signalling promotes cell growth and transformation
To determine whether increased FGFR1 activity conferred a growth advantage to LMP1-exprssing cells, NP69-pLNSX and NP69-LMP1 cells were treated with increasing doses of PD or SU, and the effects on cell growth examined. As shown in Figure 5A & 5B, suppression of FGFR1 activity reduced the proliferation of both NP69-pLNSX and NP69-LMP1 cells; however, NP69-LMP1 cells were more sensitive to FGFR1 inhibitors. At 2.5M PD, the growth of NP69-pLNSX and NP69-LMP1 cells was reduced by 15% and 35% respectively (p<0.001), while 20M SU reduced cell proliferation of NP69-pLNSX and NP69-LMP1 by 38% and 64% respectively (p<0.001). Similar growth inhibitory responses were observed in SCC12F-LMP1 cells (Supplementary Figure 4) . PD and SU also suppressed the growth of C666-1 NPC cells; the IC50 of PD at day 3 and SU at day 5 were 2.9M and 9M respectively ( Figure 5C & 5D) . These findings indicate that suppression of FGFR1 activity inhibits LMP1-induced proliferation in non-malignant epithelial cells as well as the proliferation of LMP1 positive NPC cells, and implicates FGFR1 activation by LMP1 as an important mechanism in facilitating cell proliferation.
Next, NP69-pLNSX and NP69-LMP1 cells were analysed for anchorage-independent growth. In agreement with our previous data [14;15] , NP69-pLNSX cells failed to grow in soft agar irrespective of drug treatment (data not shown). In contrast, while NP69-LMP1 cells formed soft agar colonies under drug-free conditions, they were susceptible to FGFR1 inhibitors. 2M PD reduced NP69-LMP1 colony formation by 71% whereas 15M PD completely suppressed colony formation. 5M and 20M SU reduced colony formation of NP69-LMP1 cells by 19% and 71% respectively ( Figure 5E ). We next examined the anchorage-independent growth of C666-1 NPC cells. As shown in Figure 5E , PD was more effective than SU in suppressing the colony formation of C666-1 cells, with 2M and 15M PD reducing soft agar colony by 71% and 99% respectively, while 5M and 20M SU resulted in 9% and 74% reduction. Overall, these findings suggest that LMP1-induced FGFR1 activity contributes to LMP1-mediated cellular transformation.
LMP1-induced FGFR1 signalling promotes cell migration and invasion
Our previous studies have shown that LMP1 promotes cell invasion and migration [14;15] . Here, we sought to determine whether inhibition of FGFR1 activity attenuated these responses. In wound healing assays ( Figure 6A ), NP69-pLNSX cells failed to migrate under drug-free conditions. Under the same conditions, NP69-LMP1 cells migrated into the wound area away from the edge, indicating increased motile response of NP69-LMP1 cells. However, in the presence 5M PD or 10M SU, the ability of NP69-LMP1 to migrate was virtually abolished. In collagen gel invasion assays ( Figure 6B ), NP69-pLNSX cells formed spherical and non-invasive structures within the collagen gel matrix in the presence or absence of FGFR1 inhibitors, while, NP69-LMP1 cells formed long invasive branching tubules.
However, in the presence of 2M PD or 5M SU, NP69-LMP1 cells exhibited blunt-ended and short tubules, indicating a reduction in cell invasion. In Boyden chamber invasion assays ( Figure 6C Figure   5) . Stained cells were then quantified after stain extraction. Under drug-free condition, NP69-LMP1 displayed 2-to 2.4-fold higher invasive ability than that of NP69-pLNSX. However, in the presence of FGFR1 inhibitors, the invasive ability of NP69-LMP1was dramatically reduced. With 10M PD or 20M SU treatment, the invasive ability of NP69-LMP1 was reduced by 65% and 59% respectively. In contrast, 10M PD or 20M SU treatment only suppressed the invasive ability of NP69-pLNSX cells by 40% and 36%, respectively. Overall, our data suggest that LMP1-mediated FGFR1 activation facilitates cell migration and invasion.
Discussion
LMP1 is crucial in EBV transformation of primary B cells, generating immortalized lymphoblastoid cell lines (LCLs) in which aerobic glycolysis is active [28] . In non-malignant nasopharyngeal epithelial cells, LMP1 induces cell proliferation, anchorage-independent growth, cell migration and invasion [14;15] . LMP1 also deregulates cellular metabolism by inactivating LKB1-AMPK signalling [13] .
Whilst, the impact of LMP1 on glycolytic pathways has not been fully explored. LMP1 has been shown to increase the expression and activity of c-Myc and HIF-1, two key regulators of glycolytic metabolism [17;19-23] . Here, we show that activation of the FGF2/FGFR1 signalling pathway by LMP1 not only promotes aerobic glycolysis, but also cell proliferation and transformation as well as migration and invasion ( Figure 7 ).
In EBV immortalized LCLs, the concentration of lactate and pyruvate as well as LDHA activity were found to be significantly higher compared to mitogen-activated B cells, suggesting that aerobic glycolysis is active in LCLs [28] . Here, in nasopharyngeal epithelial cells, we show that LMP1 promotes aerobic glycolysis by increasing the uptake of glucose and glutamine, enhancing LDHA activity and lactate production, and by reducing PK activity and intracellular pyruvate concentrations (Figure 1) .
Interestingly, NP69-LMP1 cells have lower pyruvate concentrations compared to NP69-pLNSX cells, findings that differ to LCLs, which produce high levels of pyruvate [28] . The intracellular concentration of pyruvate is regulated predominantly by three glycolytic enzymes which include PK which converts PEP to pyruvate, LDHA which converts pyruvate to lactate in the cytosol and PDHA1 which converts pyruvate to acetyl-CoA in the mitochondria [8;29] . Thus, the overall concentration of pyruvate relies on the level and activities of these enzymes (Supplementary Figure 6) . In NP69 and SCC12F cells, we found that LMP1 increases the phosphorylation of LDHA at Tyr10 and PKM2 at Tyr105 and the levels of LDHA and PDHK1 protein (Figure 2 & Supplementary Figure 2) . LDHA phosphorylation at Try10 is necessary for LDHA activity, while, PKM2 phosphorylation at Tyr105 results in PKM2 inactivation and PDHK1 upregulation [8, 11] . The inactivation of PKM2 by LMP1 reduces pyruvate production but
by LMP1 inhibits oxidation of pyruvate to Acetyl-CoA but promotes conversion of pyruvate to lactate.
These observations suggest that LMP1 switches cellular oxidative phosphorylation to aerobic glycolysis (Supplementary Figure 6) . The increased uptake of glutamine by LMP1 may contribute to glutaminolysis which is regulated by c-Myc [30] . Since c-Myc expression can be induced by LMP1 [17;19;21;23] , the impact of LMP1 on glutaminolysis is worthy of further investigation.
In this study, we show that LMP1 increases FGFR1 expression in nasopharyngeal epithelial cells ( Figure   2 ). Promoter luciferase reporter assays and qRT-PCR analysis indicate that LMP1 induces FGFR1 expressing by stimulating FGFR1 transcription ( Figure 2C-E) . The FGFR1 promoter is positively regulated by Sp1 and E2F-1 [31;32] . The activity of Sp1 is regulated by various kinases that include cyclin-dependent kinase (CDK), atypical protein kinase C- (PKC-) and ERK-MAPK [33] . LMP1 has been reported to upregulate and/or activate CDK2, PKC-, and ERK kinases [1;34;35] . On the other hand, the transcriptional activity of E2F-1, which is inhibited by RB interaction, is activated in response to RB phosphorylation by cyclin D1. The induction of RB phosphorylation and cyclin D1 upregulation by LMP1 is mediated through NFB, EGFR and STAT3 signalling [36] [37] [38] . As such, LMP1 induction of FGFR1 expression appeared to be mediated through multiple downstream targets and/or signal pathways (Supplementary Figure 7) . Induction of FGF-2 by LMP1-mediated NFB activation has been indicated [24] . We also found the upregulation of FGF2 in LMP1 expressing cells ( Figure 2F Using conventional IHC, 12 of 42 NPC samples found to express detectable levels of LMP1 also expressed high levels of phosphorylated FGFR1. However, among thirty LMP1-negative NPC tumours, twelve displayed high levels of phosphorylated FGFR1. In this regard, mechanisms, in addition to LMP1, may be responsible for FGFR1 activation. Another possibility is that the expression of LMP1 protein in the majority of NPC samples is below the level of detection using current methods. Using a sensitive tyramid-augmented IHC method, Dietz et al have found that nearly all NPC specimens with negative LMP1-staining in conventional IHC were positive for LMP1 expression [39] . Despite the extremely low levels of expression, LMP1 can have dramatic consequences on the phenotype of epithelial cells. Studies from transgenic mice have shown that LMP1 induces epithelial hyperplasia at levels that are virtually undetectable using current available detection methods [40] . Our previous study have also indicated that very small amount of LMP1, below the level of detection, are sufficient to activate NFB signalling, a key pathway that contributes to LMP1-mediated cell transformation [41] . This is also reminiscent of C666-1 NPC cell line which expresses very low level of LMP1 but high level of FGF2, regulated by NFB signalling (Supplementary Figure 3) [24] . This raises the possibility that those NPC tumours in which LMP1 protein cannot be detected may nevertheless express functionally active LMP1. Constitutive FGFR1 activation has been shown to induce cellular transformation and promote cancer progression. Aberrant activation of FGFR1 signalling, through overexpression of FGFR1 and/or its ligands, mutations or amplification, have been documented in a variety of human malignancies [26;27;42] . In this study, we demonstrate that FGFR1 signalling contributes to LMP1-mediated cellular transformation. Inhibition of FGFR1 pathway significantly suppressed LMP1-induced cell proliferation, anchorage-independent growth, migration and invasion ( Figure 5 ). FGFR1 inhibitors also suppressed LMP1-mediated glycolysis as they reduced both LDHA phosphorylation and activity ( Figure 3 ). In addition, we report that FGFR1 signalling is commonly activated in NPC, and is particularly evident in cases that are LMP1 positive (Figure 4 ). Previous studies indicate that genetic alterations in FGFR1 and/or its ligands (FGF1 and FGF2) are rare in NPC tumours [2] . As FGFR1 activation in NPC correlates significantly with LMP1 expression (Figure 4F 
